Background: Creutzfeldt-Jakob disease (CJD) is a prion disease which is manifest as a sporadic, inherited, and transmissible neurodegenerative disorder. The mean age at onset of CJD is -60 years, and as such, many people destined to succumb undoubtedly die of other illnesses first. The delayed onset of CJD has complicated the analysis of inherited forms of the illness and led to the sug-
INTRODUCTION
The human prion diseases indude kuru, CreutzfeldtJakob disease (CJD), Gerstmann-Straussler-Scheinker disease (GSS) and fatal familial insomnia (1) . These CNS degenerative diseases present as sporadic, inherited, and infectious disorders. CJD is frequently characterized by progressive dementia population of Libyan Jews, many of whom now reside in Israel. Within this community, the prevalence of CJD is about 100 per 106 population (5) .
For nearly two decades, the high incidence of CJD among Libyan Jews was attributed to the consumption of lightly cooked sheep brain (6) or sheep eyeballs (7) contaminated with the "scrapie virus." Scrapie is a naturally occurring prion disease of sheep and goats. The identification of a mutation in the PrP gene resulting in the nonconservative substitution of Lys for Glu at position 200 (E200K) in patients with the disease and some healthy members of the families suggested an alternative explanation (3, 4) . Genetic linkage of the E200K mutation with a lod score of >4.8 established that this illness is an inherited prion disease (8) .
The penetrance of the E200K mutation has been considered incomplete, a conclusion supported by the observation that some mutation carriers have lived well beyond the "typical age" at which prion diseases occur in this population. A previous estimate of disease penetrance in E200K mutation carriers was 0.56 (9) . This number was obtained by comparing the number of CJD cases observed with that which would be expected based on the presence of the mutation. This approach failed to account for the fact that certain subjects had not yet reached an age at which they were likely to manifest the disease, or that some subjects may have died from causes other than CJD before reaching the age range at which they are at higher risk.
This low penetrance value gave rise to the notion that a mutation of the PrP gene was not sufficient to cause disease (9) . In fact, it was suggested that the mutation only confers a predisposition to disease and that exposure to some environmental factor such as the ubiquitous "scrapie virus" is required to produce CJD (10) (11) (12) (13) .
Because of the need for accurate estimates of penetrance in family counseling, we felt it important to reassess the issue of penetrance using a life table analysis (14) (15) (16) . This actuarial method of analysis predicts survival without the development of disease. It uses a distribution of age at disease onset to derive the probability of survival without disease at any point along the time scale while accounting for the natural rate of death or loss to follow-up from other causes. During the preparation of this manuscript, some of the investigators who made the original estimate of a penetrance value of 0.56 used this same method of analysis on another cohort of E200K carriers and have now revised their estimates to a higher penetrance of 0.94 (17) .
MATERIAL AND METHODS Study Subjects
Subjects were 42 Libyan Jewish CJD patients from 13 families and 44 additional unaffected mutation carriers who are first or second degree relatives of the affected patients. The presence of the E200K mutation was determined in all healthy carriers by allele specific oligonucleotide hybridization, as described elsewhere (18) . Specimens were available on 29 of the CJD patients for mutation detection, and the remaining 13 were deduced to be obligate carriers, by pedigree analysis. The appearance of CJD was denoted by typical symptoms of rapidly progressive dementia, myoclonus, and periodic discharges on EEG. Five subjects were pathologically confirmed. All patients clinically diagnosed with CJD died within 13 months (average duration ± standard deviation = 4.6 ± 3.3 months), supporting the diagnosis in those cases that did not go to autopsy. Those with questionable disease patterns (i.e., duration greater than 15 months in the absence of a pathologic diagnosis, or lack of more than one of the above clinical criteria) have been excluded from analysis, as were patients with recent onset "possible CJD" who were still alive at the time of study. This approach avoids attributing unrelated disease to the development of CJD in an E200K carrier and thereby conservatively estimates penetrance.
Statistical Analysis
The "life table" method of analysis uses a distribution of age at onset of disease to derive the probability of survival without disease at any point along the time scale (14, 19) . A function is applied to the data that identifies the probability of surviving without developing CJD to a given age interval, while accounting for those who were too young to reach the interval, as well as those that died from other causes during the interval. Parameters used to calculate the various probabilities and the description of relevant equations are listed in Table 1 . 
RESULTS
The average age (±+ SD) of unaffected carriers included in this study is lower than the average age at disease onset of affected carriers (49.1 ± 14.9 versus 58.5 ± 10.0 years, p < 0.01), a common finding in the study of late onset genetic diseases. Figure 1 shows that age at disease onset is quite variable, ranging from 40 to 85 years, and that those at risk (unaffected carriers of the mutation) also have a wide age range (<30 to 85 years). In fact, the oldest unaffected carrier is equal in age to the oldest reported CJD patient (i.e., 85 years), implying an apparent incomplete penetrance. Table 1 was used to calculate survival probabilities. The greatest proportion of deaths due to CJD occurred within the third and fourth intervals, or the fifth and sixth decades of life. The cumulative probability of a mutation carrier surviving to the end of the ith interval without developing CJD (Si), is maximum at the first interval because no individuals have died of CJD before age 30, and minimum at the last interval because almost all have died by that time.
Since Si is the probability of surviving to the end of each interval, 1 -Si is the probability of developing and dying with CJD. Thus, a mutation carrier has a probability of 0.23 of surviving to age 70 (the end of the fifth interval) without developing CJD, or a 77% chance of developing CJD if the subject survives to age 70. A sigmoidal curve demonstrating this age dependency is generated when disease risk (1 -Si) is plotted against age, as in Fig. 2 . Once the individual passes 80 years (enters the seventh interval) disease probability approaches unity.
DISCUSSION
We have used a life table method of actuarial analysis to determine the phenotypic penetrance of the E200K mutation of the PrP gene in a cohort of 13 Libyan Jewish families. The estimates of penetrance calculated with this method are significantly higher than a previous estimate (9) . This difference reflects the ability of the life table method to predict more accurately penetrance of a late onset disease in that (i) it accounts for death due to other disease, and (ii) it accounts for the fact that mutation carriers in such a disease have a low risk of manifesting symptoms until they pass the "at risk age interval", after which time the risk of disease progressively increases. Our analysis demonstrates that the penetrance of the E200K mutation of the PrP gene is age dependent. We calculated the penetrance to be as low as 1% at age 40, which increases sigmoidally with age and approaches 100%, provided the mutation carrier lives past the age of 80. Clearly, these data argue that the presence of the mutation is sufficient for development of disease.
Review of other known mutations of the PrP gene indicates that the wide range of age at disease onset is not restricted to the E200K mutation. The P102L mutation has been reported in patients presenting with disease as early as age 23 and as late as age 61 (2, 20) , while the age at onset with the DI 78N mutation ranges from the teens to the 70s (21) . Similarly, the V2101 mutation has been found in healthy carriers as old as 82 years (22) . Although specific penetrance determination for these mutations has not been reported, this disparity in age at onset among the various prion diseases may lead to the same inappropriate conclusions regarding penetrance as were made with the E200K mutation. Analysis of these other mutations by a life (33, 34) . Like the prion diseases where the pathogenic isoform of the prion protein, PrPSc, accumulates and produces cellular dysfunction (35) , these disorders will probably be found to be associated with proteins that act as "negative dominant" factors. The mechanism by which the expanded polyglutamine segment of the Huntington's protein produces CNS degeneration is unknown; however, the length of the triplet CAG repeat encoding glutamine correlates inversely with the age at onset of Huntington's disease (36) .
Homozygosity at the polymorphic codon 129 of the PrP gene has been reported to increase susceptibility to sporadic (37) and iatrogenic (38) CJD in Caucasians but not in Asians (39) . Homozygosity at codon 129 has also been reported to decrease the age at onset of some inherited prion diseases but not others (40) (41) (42) . The codon 129 polymorphism was not found to influence age at onset among Libyan Jews carrying the E200K mutation (18) .
A caveat of the study described here lies in our inability to detect CJD in all of its forms. There are several reports of protracted prion disease for many years and in the case of an amber mutation (YI45Stop), a 20-year clinical course was reported (43) . This prolonged course implies that clinical assessment may be inadequate in detecting prion disease; how often this is the case remains to be determined (44) . Recently, it was reported that carriers of the F198S mutation in the PrP gene, who were considered to be neurologically "normal", were found to perform significantly poorer than noncarriers in detailed neurocognitive testing, implying a subclinical effect of the mutation in many carriers prior to the onset of overt clinical illness (45) . Thus, early manifestations of CNS dysfunction may often escape clinical detection, which influences the "apparent penetrance" of disease.
